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Abstract 
 
To comply with the sustainability goals defined for innovative reactor systems mainly the waste minimization 
through recycling of all actinides, the corresponding fuel cycles will play a central role in trying to achieve these 
goals. The new concept of a grouped actinide separation can be derived from aqueous or pyro-chemical 
partitioning processes of minor actinides. The present paper describes the progress made in developing this type 
of process  for both routes. A major focus will be on the very challenging separation of lanthanides from the 
trivalent actinides. The process developments, especially for pyro-metallurgy, require a good basic 
understanding on the extraction mechanisms. Pyro-reprocessing, where all actinides are recycled, is based on 
metallic materials. However, the fuels even those of new generation reactors will, at least in the beginning, most 
likely be oxides. Therefore, a head-end reduction step for oxide fuels is needed to convert oxides into metals. In 
this paper results from demonstration experiments using genuine irradiated nuclear fuels will be shown. 
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1. Introduction 
 
    For the separation of minor actinides the industrial hydro-chemical reprocessing technique (PUREX process), 
commercially used to separate U and Pu from spent fuel is being modified/extended. Comprehensive research is 
presently underway, e.g., to co-extract neptunium in a modified PUREX process and to separate americium and 
curium in the so-called extended PUREX process in which additional extraction steps follow the base process 
[1]. 
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    In France, the CEA has launched extensive research programs in the ATALANTE facility in Marcoule to 
develop the advanced fuel cycles for next generation reactor systems. The concept is to use all actinides in the 
energy production process. They are considered as a whole and recycled in a grouped mode. In this so-called 
global actinide management (GAM), the actinides are co-extracted in a sequence of chemical reactions (grouped 
actinide extraction (GANEX)) and immediately reintroduced in the fuel fabrication process. 
    The grouped separation of actinides is widely considered in this context. Achieving this type of separation is 
of course a real challenge since the PUREX process has been developed to obtain pure products, i.e. to separate 
in the most efficient way U and Pu products. 
    Extensive R&D is carried out world-wide to synthesize special extractants and to develop the corresponding 
process schemes required for a selective separation of MA’s (mainly Am and Cm) from high level liquid waste 
(HLLW). As aqueous partitioning is based on liquid-liquid extraction from an acidic solution into an organic 
phase, it is of crucial importance to know about extraction selectivity, thermodynamics, mechanisms and 
kinetics.  
    According to the development objectives of GEN-IV innovative reactors, a P&T strategy should be inherent to 
these systems. One of the major goals is to develop and implement clean waste technologies using a global 
actinide management. For this purpose, advanced fuel cycle processes with full actinide fuel technologies and 
ultimate waste forms with a minimal content in actinides (< 0.1%) are required. This necessitates that Am and 
Cm can be selectively separated from lanthanide fission products, certainly the most difficult and challenging 
task in advanced reprocessing of spent nuclear fuel due to the very similar chemical behaviour of trivalent 
elements. 
There are three major reasons to separate actinides from lanthanides: 
 
x neutron poisoning: lanthanides (esp. Sm, Gd, Eu) have very high neutron capture cross sections, e.g. > 
250 000 barn for Gd-157 
x material burden: in spent LWR fuels, the lanthanide content is up to 50 times that of Am/Cm 
x segregation during fuel fabrication: upon fabrication, lanthanides tend to form separate phases, which 
grow under  thermal treatment; Am/Cm would also concentrate in these phases 
 
    Pyro-chemical processes rely on refining techniques at high temperature, generally 500°C-900°C, depending 
on the molten salt eutectic used and require a highly pure argon atmosphere. Typically chloride systems operate 
at lower temperature compared to fluoride systems. In nuclear technology, the processes are mainly based on 
electrorefining or on extraction from the molten salt phase into liquid metal. The electrometallurgical process 
was applied for the first time as an integral part of the system in the Integral Fast Reactor (IFR). Pyro-chemical 
separation processes for the recovery of uranium and to some extent for plutonium have been investigated since 
decades and remains the core process in the present EBR-II Spent Fuel Treatment Program[2].  
    The fuels used in the new generation reactors will be significantly different from the commercial fuels of 
today. Pyro-metallurgical reprocessing could be the preferred method for the advanced oxide fuels (mixed 
transuranium, inert matrix or composite), metal fuels or nitride fuels, because of a limited solubility of some of 
the fuel materials in acidic aqueous solutions. Other advantages of the pyrochemical approach to reprocess 
advanced fuels, in comparison to hydrochemical techniques, are a higher compactness of equipment and the 
possibility to form an integrated system between irradiation and reprocessing facility, thus reducing considerably 
the transport of nuclear materials. In addition, the radiation stability of the salt in the pyrochemical process as 
compared to the organic solvent in the hydrochemical process offers an important advantage, when dealing with 
highly active spent minor actinide fuel. The fuels will be often irradiated to a very high burn-up and shorter 
cooling times would certainly reduce the storage cost. 
    Besides the fact, that pyroprocesses are far less developed compared to hydrotechniques and the need to 
operate them at high temperature, there are large problems to overcome which are related to selecting 
appropriate materials and to deal with corrosion issues. Furthermore, there is much less known on the scaling up 
options for the pyroprocess.  
    At the European level in FP5 PYROREP and in FP6 EUROPART projects [3, 4, 5], research programmes 
aimed to increase the level of knowledge in pyro-chemistry with respect to process development, specific waste 
treatment and confinement. In these projects, the effort was put on basic data acquisition mainly in molten 
chloride and on the core process assessment. The focus was mainly on two promising core processes: 
electrorefining on solid aluminium in molten chloride and liquid-liquid reductive extraction in molten 
fluoride/liquid aluminium. Some original confinement matrices were also studied for waste conditioning. 
Finally, integration studies have been initiated in order to assess and to compare some selected process flow 
sheets and possibly to redirect R&D programs. 
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2. Aqueous partitioning schemes 
 
    If a so-called double strata concept e.g. proposed by JAERI in the OMEGA (Option Making Extra Gains from 
Actinides and Fission Products) project would be adapted, the industrial reprocessing of commercial LWR fuel 
with a recycling of U and Pu, based on the well established PUREX process, the aqueous TBP extraction process 
could ideally be combined with an advanced aqueous partitioning scheme to make the long-lived radionuclides 
available for the second stratum based on fast reactor systems 
    In aqueous MA partitioning schemes, two main routes are possible, see Fig 1. The optimal strategy would be 
of course a process, where MAs are directly extracted from the PUREX raffinate, HLLW. However at present no 
extractant, capable of selective and efficient separation of the MAs at high acidities (>2M HNO3) in a highly 
radioactive solution containing all FP, among them lanthanide elements in a mass excess of 20 times compared 
to MAs could be found. Partitioning of MA involving co-extraction of Ln and a subsequent separation of the two 
element groups is therefore the only viable option at present. 
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Fig.1. Strategies for the separation of the minor actinides from HLLW 
 
    For an efficient recycling scheme, losses of the relevant elements should be as low as possible (0.2% or less), 
a compromise between extraction and back extraction has to be made. Therefore the European research carried 
out during the last decades has resulted in the development of the combination of DIAMEX and the SANEX 
processes [6]. These are based on the co-separation of trivalent actinides and lanthanides (DIAMEX) by a 
diamide, followed by the subsequent selective separation of MAs in the SANEX process. 
    Among many extractants tested world-wide, the combination of DIAMIDE and Bis-triazinyl pyridine (BTP) 
[7] is shown to be possibly on of the best combinations for an efficient recovery of MAs from HLLW or 
transmutation targets. Diamides do not require feed adjustment, they can easily be recycled to the process and do 
not leave any residue upon incineration. Concerning the separation of MAs from Ln, BTP has shown to be the 
most efficient extractant, giving at the same time the highest separation factor with no feed acidity adjustment 
required. Separation factors between MAs and lanthanides up to 80 are reached in a single stage extraction. 
These values are, of course, considerably improved in a continuous multistage process and a Am/Cm product 
containing less than 1% of Ln is obtained.    
    A demonstration of a Ln/MA separation was carried out using a genuine feed from the DIAMEX process and 
a 16 stage centrifugal contactor battery (fig.2). The scheme is based on a 9 stage extraction of MAs by CyMe4- 
BTBP and a 4 stage stripping with glycolic acid. 
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Fig. 2. Proposed flow-sheet for the CyMe4-BTBP demonstration test. 
 
    The result of the experiment was a Am/Cm product containing less than 1% of Ln; a recovery rate of  > 99.9% 
was achieved for MAs. 
    In view of a large scale application of such a process scheme, also the direct selective extraction of minor 
actinides from the PUREX raffinate in a single operation, leaving all the lanthanides in the HLLW, is at present 
under investigation (see fig. 1). Unfortunately due to a high sensitivity to hydrolysis and radiolysis, an industrial 
application of the BTP molecule requires an improvement of these properties. Therefore variants of the molecule 
with improved radiolysis and hydrolysis properties are being synthesized and tested.  
 
3. Pyro-reprocessing by molten salt electrorefining 
    In the pyro-reprocessing, the metallic alloy is anodically dissolved eg. in a LiCl-KCl eutectic and the actinides 
are collected together onto a cathode, leaving lanthanides in the salt phase.  
  In support to process development, basic properties of Ans and relevant FPs in molten salts (chlorides and 
fluorides) and in liquid metal solvents are being extensively studied. At ITU the focus is on a comprehensive 
study to obtain basic data for actinides, lanthanides and some other important fission products in molten chloride 
media. Thermochemical properties are derived from the electrochemical measurements and from basic 
thermodynamic data, for instance in the case of Np of NpCl3 and NpCl4 in the crystal state. It could be 
demonstrated, that the NpCl3 has a strong non-ideal behaviour in molten LiCl–KCl eutectic [8].  
    In contrast to the IFR concept, where U is deposited on a solid stainless steel cathode and transuranium 
actinides on a liquid Cd cathode, the electrorefining processes studied at ITU in the frame of the European 
projects PYROREP and EUROPART rely on a co-deposition of all actinides on a solid Al cathode material, 
because stable actinide alloys are formed; a redissolution of trivalent actinides can thus be avoided in contrast to 
e.g. W cathodes [9]. Also the redox potentials on solid cathodes show a much larger difference in the reduction 
potential between actinides and lanthanides. Fig. 3 shows the reduction potentials for U3+, Pu3+, Am3+, La3+ and 
Nd3+ determined by transient electrochemical techniques (mainly cyclic voltammetry and chronopotentiometry) 
on different cathode materials. On Bi and Cd, the selectivity of the minor actinide recovery seems to be limited 
due to the small difference in reduction potentials between actinides and lanthanides, 
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Fig.3. Reduction potentials of some actinides and lanthanides on different cathodic materials 
 
Solid Al has therefore been selected because of two reasons essentially 
 
x stable actinide deposits (alloys) are formed and are consequently very adherent to the cathode; at the 
same time a redissolution of the trivalent An by comproportionation with the trivalent actinides in the 
salt to form divalent An's (cf equation below according to: Am(III) + Am(0) = 3 Am(II) can be avoided. 
x the difference in the reduction potentials compared to lanthanides is sufficiently high to avoid their co-
deposition.  
 
    In these electrolytic processes, the rate of the alloy formation depends on the diffusion of the involved 
elements in and through the solid alloy phase. Therefore the maximum amount of actinides that can be collected 
on a single Al electrode has been investigated in constant current electrorefining experiments in which the 
cathodic potential was maintained at a suitable level for separation of An from Ln. With increased charge passed, 
i.e. with the build up of a surface layer of An–Al alloy, the applied current is gradually reduced in order to stay 
above the cathodic potential limit. Based on a large set of data obtained for the electrodeposition on aluminium 
cathodes, the process scheme is being proposed as shown in fig. 4. 
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Fig.4. Process scheme for the electrorefining of metallic fuels  
 
    The electrorefining process as presented here is operated in the batch mode. After multiple use of the eutectic 
salt bath, an exhaustive An electrolysis is required to avoid losses > 0.1% to the waste, before the cleaning of the 
salt bath takes place. It is evident that the Ln content in the electrodeposited An-Al alloy in the exhaustive 
electrolysis will be higher and must therefore eventually be recycled. For the cathode processing, three options 
are possible, chlorination, back-extraction and electrorefining, of which chlorination is the most promising. This 
step is needed to recycle the actinides to the fuel fabrication. 
    Laboratory experiments have shown that 44.6 wt% An can be loaded on Al. If the cathodes used were made of 
Al foam to increase the reaction surface area, a maximal loading of 68 wt% can be achieved, considering that 
AnAl4 alloys are formed [10]. A successful demonstration of the Am/Nd separation was carried out using a 
mixture of 255 mg Am, 281 mg Pu and 140mg Nd. Am and Pu were co-deposited in two steps on two Al 
cathodes of 0.8 g each. The Nd content in the deposit of only about 0.5% proves the feasibility of a selective 
actinide separation by electrolysis onto Al electrodes.  
    The results were confirmed in a multiple run experiment inducing an accumulation of lanthanides in the salt. 
The fuels used for these experiments had already been developed in the frame of the integrated fast reactor (IFR) 
concept (see previous paragraph) in the mid 1980s in the US. These fuels contain about 15% of Zr in the metallic 
alloy to stabilize the fuel during reactor irradiation. The same type of fuel is used for transmutation studies 
initiated by CRIEPI, Japan in collaboration with ITU and was irradiated in the METAPHIX experiment in the 
PHENIX reactor in France[11]. A fuel containing 2% of Am and lanthanides (U61Pu22Zr10Am2Ln5) was 
fabricated at ITU and the remnants of the fuel fabrication campaign are used for the present studies. 
    It is very likely, that a large-scale pyroprocessing by molten salt electrorefining will be operated as a batch 
process similarly to the industrial Al fabrication process. In view of a large scale development of the process, an 
experiment of 25 successive runs was carried out to demonstrate the feasibility of a grouped actinide recovery 
from larger amounts of fuel without changing the salt bath.  A total amount of more than 5g of 
U61Pu22Zr10Am2Ln5 fuel was treated in this experiment and various process parameters were studied. Fig. 5 
shows the cyclovoltamogram of the alloy on Al and W electrodes. 
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Fig. 5 Cyclic voltammogram of U61Pu22Zr10Am2Ln5 on W and Al wires. Reference electrode: Ag/AgCl-1 
wt%, v=100 mV/s, T = 450 qC. Salt composition in wt%: U – 0.29, Np – 0.12, Pu – 0.28, Am – 0.06, Zr < 
0.07 and Ln - 1.0. 
 
    Despite the complexity of the electro-chemical reactions involved, a selective An deposition is possible also 
with this multi-element alloy. The goal of the 25-run test was to find optimal conditions for the recovery of Am. 
The recovery rate of actinides was difficult to evaluate because new fuel was added in each run. Nevertheless a 
stable recovery rate [mAn/(mln + mLn)] better than 99.9% was achieved throughout the whole experiment. 
Uranium, the main constituent of the fuel with a less electronegative electrodeposition potential (see fig. 3) is 
preferentially deposited in the earlier runs. At the same time the relative Am content in the actinide deposit and 
the separation from lanthanides (mAm/mLn) increases despite an increasing content of not-electro-deposited 
lanthanides in the salt. This means that the target of 99.9% recovery can be reached for this process. 
    The results of this electrorefining experiment where genuine fuel materials were used and where the salt bath 
has not been changed, are very promising in view of a large-scale development of pyro-reprocessing in advanced 
nuclear fuel cycles. 
 
4. Head-end conversion processes 
    The above mentioned processes are all based on metallic fuel materials. Today all commercial reactors are 
operated with oxide fuels and advanced reactor systems selected in the GENIV roadmap rely also on oxides as 
the major fuel option. Pyro-reprocessing as described above, where all actinides are recycled is based on metallic 
materials, therefore a head-end reduction step for oxide fuels is needed to convert oxides into metals. This 
conversion can be performed chemically, e.g. by reaction with lithium dissolved in LiCl at 650°C [12].  The 
recovered metal can directly be subjected to electrorefining and the Li2O converted back to lithium metal by 
electrowinning. A more elegant method, where the difficult handling of Li metal and recycling through 
reconversion from Li2O can be avoided is the so-called direct electroreduction [13]. The oxide ion produced at 
the cathode is simultaneously consumed at the anode and thus the concentration of oxide ion in the bath can be 
maintained at a low level. A complete reduction of the actinide elements can be achieved and the subsequent 
electrorefing to separate actinides as described in the previous paragraph can be carried out in the same device. 
At the same time, the heat generating fission products are removed. The electrochemical reduction process is the 
more reliable technique to convert oxides into metal. A process studied by CRIEPI/ITU is schematically shown 
in Fig. 6.  
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Fig.6. Schematic layout of an electroreduction process developed by CRIEPI/ITU 
 
 
    The fuel is not crushed but loaded as fuel element segments in a cathode basket, e.g. made of Ta. The anode is 
made of carbon, the corresponding reactions are: 
 
Cathode:  MxOy + 2y e-  =  xM +  yO2-       
 
Anode: yO2- + y/2C = CO2 (g) + 2y e-   
 
    The molten salt can be either LiCl or CaCl2. In CaCl2 the higher temperature of 1123 K in comparison to 923 
K for LiCl induces a faster diffusion of oxygen ions to the anode. At the same time an increased initial reaction 
rate leads to the formation of a thin dense metal layer at the fuel surface hampering the diffusion of oxygen ions 
into the salt. 
    The CRIEPI/ITU process was tested on various MOX (Pu content 5-45%) fuels. It could be shown that U and 
Pu are efficiently co-reduced, but due to the problems mentioned above, the complete reduction requires very 
long reaction times.  The reduction of irradiated FR fuel particles at ITU was considerably faster and a complete 
reduction of all fuel constituents including fission products and MAs was achieved. Figure 10 shows the reduced 
fuel particles in the cathode basket. 
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Fig. 10 : Schematic layout of  an electroreduction process developed by CRIEPI/ITU 
 
    The analyses of the salt bath used for these experiments, the examination of the reduced product by 
SEM/EDX and the analysis of the reduced fuel after dissolution allow to establish a mass balance of the 
electroreduction process. The results show that the fuel is completely reduced, i.e. all actinides are in the reduced 
product, the light fission products Rb, Mo, Cs, Ba, Se are dissolved in the salt and the lanthanide fission products 
are divided between the reduced fuel and an oxide precipitate found in the bottom of the salt crucible.  
    A first experiment has shown that the reduced fuel can be treated similarly to the metallic fuels described 
above, using the same equipment and the same type of salt bath as the one used for the electrorefining tests 
 
5. Conclusion 
Performed in close international collaborations, the research in the European projects PARTNEW, PYROREP, 
EUROPART has led to important progress in the field of actinide partitioning. A first demonstration of an 
efficient grouped actinide recovery for both routes was achieved. 
  Hydrochemical processes have reached lab-scale demonstration and are more or less suitable for industrial 
implementation. However, consolidation and optimization are required for some process steps, also new large 
scale facilities for advanced reprocessing demonstrations are needed. 
  Pyro-metallurgy is a less mature technology. The electrorefining reference route identified consists of a 
deposition of actinides on a solid aluminium cathode from molten chloride salts. 
  A head-end conversion using genuine irradiated MOX fuel was demonstrated on a laboratory scale. A complete 
reduction to metal was achieved and the electrorefining of the metallic fuel in the same set-up was realised. In 
parallel supporting analytical techniques in combination with adapted safeguarding procedures are being 
developed. 
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